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We investigate the hopping transport of positively charged mobile oxygen vacancies V! in
electroforming-free bipolar memristive BiFeO; switches by conducting impedance spectroscopy and qua-
sistatic state-test measurements. We demonstrate that BiFeOs switches with mobile oxygen vacancies (V)
and fixed substitutional Ti*" donors on Fe" lattice sites close to the bottom electrode have a rectifying top
electrode with an unflexible barrier height and a rectifying and/or nonrectifying bottom electrode with a
flexible barrier height. The field-driven hopping transport of the oxygen vacancies determines the recon-
figuration of the flexible barrier and the dynamics of the resistive switching. Average activation energies
of 0.53 eV for trapping and of 0.31 eV for the release of oxygen vacancies by the Ti*" donors during appli-
cation of the SET and RESET excitation pulses are extracted, respectively. The larger activation energy
during SET is experimentally verified by impedance spectroscopy measurements and evidences the local
enhancement of the electrostatic potential profile at the bottom electrode due to the Ti*" donors on Fe**

lattice sites.

DOI: 10.1103/PhysRevApplied.10.054025

I. INTRODUCTION

The thriving development of memristive oxide devices
is arousing interest in the field-enhanced hopping trans-
port of oxygen vacancies not only because in many
n-type oxides, oxygen vacancies effectively act as dou-
ble donors [1-3], but also, more importantly, because
memristive oxide devices exhibit ultranonlinear switching
dynamics [4-6]. Optimized performance requires resis-
tive switching (SET and RESET) within tens of nanosec-
onds upon the application of a writing bias, and the on
and off resistance states should remain stable for up to
10 years. Field-accelerated ion mobility constitutes one
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such source of ultranonlinearity [7,8]. The Mott-Gurney
nonlinear-ionic-drift model [9] can be employed to inter-
pret the effect of an electric field on the nonlinear rate
of ion transport. For instance, the nonlinearity of field-
accelerated ion mobility in rutile TiO,_,, which has been
studied in a one-dimensional ionic-drift model, causes an
observed extremely wide range of lifetime volatility and
switching speed in memristive oxide devices [10]. The
resistive switching of the n-type conducting perovskite
BiFeO3; switches depends strongly on the presence of
traps for oxygen vacancies and on the concentration of
oxygen vacancies and has been described with the ferro-
electric model [11] or with the oxygen-vacancy-migration
model [12].

In this work, we investigate field-driven hopping
transport in a memristive Au/BiFeO; (BFO)/Pt/Ti
metal-oxide-metal switch, because, first of all, the
nonlinear oxygen-vacancy drift has been only recently
experimentally confirmed using a quasistatic state-test
protocol [6]. Second, memristive BFO switches possess

© 2018 American Physical Society
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FIG. 1. [-V characteristics of a BiFeO; single layer on an

unstructured Pt/Ti/SiO,/Si bottom electrode with a Au contact
area of 0.1 mm?, which has been grown by pulsed-laser deposi-
tion. The low-resistance state (LRS) and the high-resistance state
(HRS) are written by applying a 10-ms-long bias pulse with an
amplitude of +8.5 V and —8.5 V, respectively. The inset shows
a schematic sketch of the BFO memristive switch.

excellent bipolar switching performance [12], including a
long retention time and stable endurance even at elevated
temperatures. Ferroelectric switching can be excluded
from polarization—electric-field (P-E) measurements on
the Au/BFO/Pt/Ti memristors where we ramp the bias
amplitude in the same bias range as used to demonstrate
the resistive-switching behavior (Fig. 1). Furthermore,
due to the interface-mediated resistive switching, mem-
ristive BFO switches reveal negligible Joule heating and
electroforming-free resistive switching. Thus, the mea-
sured increase in mobility of oxygen vacancies can be
attributed unambiguously to the field enhancement rather
than to temperature enhancement.

II. IMPEDANCE OF BFO MEMRISTIVE DEVICES

Polycrystalline perovskite structure (R3¢ space group)
BFO films are grown by pulsed-laser deposition (PLD)
on a Pt/Ti bottom electrode (approximately 190 nm) on
Si0,/Si substrates. The BFO films, with a nominal thick-
ness of 600 nm, are deposited at 650 °C under an oxygen
partial pressure of 9.75 mTorr. Note that the BFO thickness
can be scaled down to 100300 nm [13]. Oxygen vacancies
V¥ are intrinsically formed during PLD growth of the film.
Thus, the obtained BFO films can be considered as a n-type
semiconductor. Approximately 180-nm-thick Au top elec-
trodes with an area of 0.1 mm? are deposited onto BFO thin
films by dc sputtering for subsequent resistive-switching
measurements.

The investigated BFO switch has a Pt/Ti bottom elec-
trode with a flexible barrier height. Therefore, hystere-
sis is observed in the positive bias range. Typically, the
SET/RESET bias with an amplitude of +7/—7 V and a
pulse width of 100 ms are used. The SET and RESET
excitation pulses are extracted from /-J characteristics
that are ramped with bias in steps of 0.36 V and with a
sweeping velocity of 0.36 V per 100 ms. The amplitude
of the current is plotted on a logarithmic scale as shown
in Fig. 1. Schottky-like barriers are formed at the Au-
BFO and BFO-Pt interfaces [14]. In previous studies, we
have shown that the Pt/Ti bottom electrode in memristive
BFO switches forms a rectifying or nonrectifying contact
with a flexible barrier height by the bias-driven forward-
backward migration of oxygen vacancies [12] and by the
trapping and release of oxygen vacancies by fixed substi-
tutional Ti*" donors on Fe** lattice sites [15]. As shown
by Yang et al. [16], substitutional doping will work if the
ionic radius of the dopant ion is comparable to the ionic
radius of the replaced ion. Yang et al. give an overview on
possible substitutional dopants in the perovskite BiFeO;
on A-sites (Bi’"), e.g., Pb**, Ba®*, Ca’" and Ce*", and
on B-sites (Fe’*), e.g., Ti*', Mn*, Zr* and Cr**. The
ionic radius of Ti*' is comparable to that of Fe’* in the
BiFeO; perovskite structure. Ti*'" is a donor because it
replaces Fe**. In a previous work, we have investigated the
substrate effect on the resistive switching in BiFeOs thin
films and have shown that there is no resistive switching
in BiFeO; without Ti doping [17]. In this work, we con-
duct temperature-dependent impedance spectroscopy and
quasistatic state-test measurements in order to investigate
the hopping-transport properties of oxygen vacancies, e.g.,
the activation energy, ac conductivity, and carrier mobil-
ity. From the extracted activation energy, we conclude that
the mobile oxygen vacancies and fixed substitutional Ti
donors close to the bottom electrode locally change the
electrostatic profile and play the leading role in the recon-
figuration of the barrier at the bottom electrode during SET
and RESET in BFO.

Impedance data are used to determine the parameters of
the BFO switch in the LRS and the HRS of a equivalent
circuit built from elements R, C, L, and the constant-phase
element (CPE). Schottky barriers form depletion layers
and are described in a first approximation by the ele-
ments R and C on the length scale of the depletion layer.
The modeled elements C can be related to the Schottky
barriers of the metal electrodes, which form a depletion
layer at the interface between the metal electrodes and
BFO bulk layer. Nyquist data are recorded by applying a
10 mV ac small-signal frequency sweep from 0.01 to 10
Hz at 298, 323, and 348 K (Fig. 2). To permit a valid
analysis of the full-frequency response, we employ an
equivalent-circuit model with two CPEs for the LRS with
a rectifying top and nonrectifying bottom interface [insets
in Figs. 2(a) and 2(c)] and for the HRS with a rectifying
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FIG. 2. Measured (symbols) and modeled (lines) Nyquist plots
of a memristive BFO switch in (a) the LRS and (b) the HRS at
298 K, 323 K, and 348 K. In(oy.) versus 1000/ T plots are shown
as insets. A schematic representation of the potential profile and
superimposed electrostatic potential at zero dc bias at the position
of Fe** (red circles) and Ti*" (orange circles) (c) in the LRS with
a single depletion layer with extension d; and (d) in the HRS
with two depletion layers with extension d; and d,. The arrows
illustrate ac hopping transport of electron charges at the end of
the depletion layer. Corresponding equivalent circuits are shown
on the right-hand side.

top and rectifying bottom interface as a head-to-head rec-
tifier, which consists of two antiserially connected diodes
[insets in Figs. 2(b) and 2(d)]. The CPE is a good approx-
imation with which to model the BFO memristive switch
as an imperfect capacitor. The series resistance R; and the
parasitic inductance L; account for the influence of the

TABLE I.

electrodes on the real and imaginary parts of the complex
impedance Z*. The impedance of the equivalent circuit is
given by

Z* () =[R,! +iwCy] ™" + [R)) + iwCpp] ™!
+ R, + iwL. (1)

Note that the diameter of the impedance semicircle
scales with the bulk resistance R,. C,; and C,, denote
the bulk capacitance of the depletion layers at both top
and bottom interface of bismuth ferrite, respectively. Mea-
sured and modeled impedance spectra along with the
corresponding equivalent circuit are shown for the LRS
[Fig. 2(a)] and for the HRS [Fig. 2(b)]. With increas-
ing temperature, the depletion-layer extension of C,, and
C,» increases and the impedance semicircle is distorted.
Namely, R, decreases with increasing temperature, as is
expected for an increasing concentration of majority car-
riers with increasing temperature. Based on the equivalent
circuit, the model parameters C,, R,,, R, and L, are derived
and listed in Table I. C,; possesses the same temperature
dependence in both the LRS and the HRS and is marked
as the depletion-layer bulk capacitance at the top elec-
trode. In the HRS, the accumulation of oxygen vacancies
near the Au-BFO interface decreases the extension of the
top depletion layer and thus causes the observed increase
of the bulk capacitance C,; in both the LRS (C,;) and
the HRS (C,;y) with increasing temperature. However,
as expected, the C,; is larger than the overall capaci-
tance in the HRS due to the antiserial connection between
Cpr and Cppyy, which is in agreement with experimen-
tal capacitance-voltage measurements on memristive BFO
switches at zero dc bias [18]. The negligible influence of
Cppr and R,y proves that in the LRS, the bottom electrode
is nonrectifying.

To illustrate the contribution of band carriers and the
space-charge region, next we move from the electrical
modeling to the physical modeling. It should be noted
that purely electronic processes and geometry effects can

The modeled parallel capacitance C,, parallel resistance R, series resistance Ry, and parasitic inductance L, of a BiFeO;

memristive switch in the LRS and the HRS at 298, 323, and 348 K: “t” and “b” refer to top and bottom, respectively. The barrier height
®p, and the ideality factor n are been fitted using Eq. (2) from the temperature-dependent /-J characteristics in the LRS. The relative
permittivity €, in the LRS (bold), the top-depletion-layer thickness d; and the bottom-depletion-layer thickness d; in the HRS (bold)
are calculated using the relation d = €ye,4/C,, Eq. (3), the barrier height ®p,, and the ideality factor n. The temperature-dependent
dc conductivity oy is extracted using Eq. (4).

T

Cpt Cpb Rpt pr Rs Ls n qDBr] €, dt db Odc
K) @F) @F) (GQ) (GR) @ mH) O V) () @m) @m) (x10"°Q'm™)
298  0.90 13.80 193 x10™° 0.08 11.8 35 094 52 51.2 2.21
LRS 323 1.0l 8.53 1.84 x 10™°  0.05 15.4 34  1.02 72 62.6 6.59
348 139 .- 4.83 1.50 x 10™°  0.07 11.3 32 1.09 145 921 e 15.75
298 1.11 1.04 55.18 10.22 0.06 2.3 e e e 41.4 44.0 0.46
HRS 323 1.14 094 33.71 6.11 0.07 3.5 55.5 61.6 2.48
348 1.56 0.87 2132 5.87 0.05 34 82.0 147.8 4.95
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be extracted only from frequency-dependent impedance
data in the gigahertz frequency range [19]. First, following
work presented in [12], we fit the temperature-dependent
barrier height ¢35, and the ideality factor n from the
temperature-dependent /- characteristics in the LRS by
using the Shockley equation [20], as follows:

e¢B e(V_ [Rss)
[ = AA*T? — — W
“p< @T>{“p[ nlesT } }

V — IR,
+— (2)
RPP

where A4 is the area of the diodes, 4* is the effec-
tive Richardson constant, ¢p, is the barrier height, n
is the ideality factor, Ry, is the series resistance, and
R,, is the parallel resistance. By combining the rela-
tionship d = €p€,4/C, with the barrier-height-dependent
depletion-layer width d [21]

dz/kmwmw—m—@na

en

3)

and using the barrier height ¢p, in the LRS (Table I),
we calculate the relative permittivity €, as a function of
the temperature. Side effects, e.g., pinning by defects and
metal quality, are included by the ideality factor n in
Eq. (2). Here, V}, e, €y, and n are the top electrode bias
(0 V), the electron charge, the vacuum permittivity, and
the intrinsic charge-carrier density of oxygen defects (n =
2 x 10" ecm™3), respectively. kz and T have their usual
meanings. The computed ¢, values amount to 52, 72, and
145, i.e., €, increases with increasing temperature (Table I),
which is in agreement with Ref. [22], where ¢, of BFO is
reported to increase with increasing temperature. We fur-
ther use the ¢, values to calculate the extension d; of the

(a) LRS
600
d,
E 400
(0]
Q
g
B 200
@)
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0.0 0.3

Electrostatic potential (V)

FIG. 3.

depletion layer in the LRS and the extensions d; and dj
of the depletion layer in the HRS. Thus the depletion-
layer extension d can be calculated from Eq. (3). The
superimposed electrostatic potential at zero bias, which
demonstrates recognizable depletion layers d; in the LRS
[Fig. 2(c)] and d; and d} in the HRS [Fig. 2(d)], is cal-
culated by performing 2D electrostatic calculations using
COMSOL Multiphysics. The electrostatic potential profile is
shown in Fig. 3. Note that for the LRS the built-in potential
is developed only at the end of the top depletion layer d;,
whereas for the HRS it is developed at the ends of both the
top and bottom depletion layers d; and d,.

We further extract the frequency-dependent conductiv-
ity of the small signal frequency from impedance spec-
troscopy. The total conductivity o,;, is given as follows
[23,24]:

O’;t(a)) = 04c + iwfofj ((,()), (4)

with frequency-dependent complex permittivity €' (w) =
1/(iwCyZ*(w)), where oy, is the dc conductivity due to
band conduction, and the ac conductivity is due to relax-
ation processes caused by the motion of electrons. Cj is
the geometrical capacitance of the memristive BFO switch.
The dc conductivity oy, as listed in Table I is obtained by
extending the total conductivity oy}, to zero frequency. The
Arrhenius equation [25,26],

O4c = 0y exp(_UA,e/kBT), (5)

is used to derive the activation energy Uy, as depicted in
the insets of Figs. 2(a) and 2(b). oy is the pre-exponential
factor. If the temperature is increased from 298 to 348 K,
the dc conductivity is increased by a factor of 7 in the LRS
and by a factor of 10 in the HRS. Despite this small varia-
tion in the dc conductivity, we use Eq. (5) and approximate
the activation energy Ug,e = 0.35 eV of hopping electron

(b) HRS
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Electrostatic potential 2D images and profiles in a BFO switch with a Au top electrode and a Pt bottom electrode (a) in the

LRS with corresponding depletion layer d; and (b) in the HRS with corresponding depletion layers d; and dj, by using the computational
software COMSOL Multiphysics at zero dc bias. The color scale represents the amplitude of electrostatic potential. The red scattered
lines in the mapping images indicate the end of the top (d;) and bottom (d;) depletion layers and the electrostatic potential profile is

represented by black solid lines.
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FIG. 4. The quasistatic state-test protocol with different pulse
widths t;, (100 ms, 10 ms, 1 ms, 100 us, 10 us, 1 ws, and
500 ns) and excitation amplitudes ¥, during (a) SET and (b)
RESET. The insets show the schematics of the potential pro-
file and the superimposed electrostatic potential under applied dc
bias at the position of Fe** (red colors) and of Ti*" (orange cir-
cles) with writing pulses (a) ¥, = +7 V and (b) V|, = —7 V. The
arrows illustrate the field-driven hopping transport of the oxygen
vacancies.

charges at the end of the single depletion layer d; in the
LRS and the activation energy Uffeb = 0.43 eV, respec-

tively. U’ is the mean value of the activation energy of
hopping electron charges at the ends of both depletion lay-
ers d; and d; in the HRS; thus Uﬁ’e = 0.51 eV. It can be
concluded that in addition to the local change of electro-
static potential by Ti** donors on Fe** lattice sites, the
electrostatic potential for bulk transport is also modulated
in the presence of band bending close to both electrodes.
We analyze the frequency-independent impedance data to
extract the dc conductivity. In a first approximation, we
assume that band-bending effects in the depletion layers
are superimposed with the potential profile on the atom-
istic scale, which varies due to the constituents of the BFO

lattice, and determine the activation energy of the hopping
transport properties on the atomistic scale.

I1I1. DYNAMICS OF BFO MEMRISTIVE DEVICES

In the following, we discuss the quasistatic state-test
protocol [6] executed at five different temperatures, in
order to investigate the field-driven hopping transport of
oxygen vacancies in BFO. It is expected that the mobility
during RESET exceeds that during SET due to the pre-
ferred equilibrium distribution of oxygen vacancies and
different band bending in the HRS and in the LRS close to
the bottom electrodes, as illustrated in the insets in Fig. 4.
Because we cannot directly visualize the distribution of
oxygen vacancies after application of an excitation ampli-
tude V,, during SET [Fig. 4(a)] and RESET [Fig. 4(b)],
we analyze the read-out currents /i rs in the LRS and
Iyrs in the HRS. The read-out current is a measure of
the change of the electrostatic profile in the LRS and
the HRS due to the distribution of oxygen vacancies. In
order to illustrate the band bending during application of
a bias, the electrostatic potential in BFO under the applied
SET and RESET bias is calculated using COMSOL Multi-
physics. The amplitude and direction of the electrostatic
potential between the top and bottom electrodes is shown
in Fig. 5. It reveals that the applied bias drops over the
whole length of the BFO memristive switch and that the
potential, which is superimposed from the applied bias and
the depletion-layer potential without applied bias (Fig. 3),
mainly drops over the bottom depletion layer d; during
SET [Fig. 5(a)] and over the top depletion layer d; dur-
ing RESET [Fig. 5(b)]. The quasistatic state-test protocol
(Fig. 4) starts with initializing the BFO into the HRS (LRS)
by a negative (positive) initialization pulse with amplitude
Viw=-=7V/+7V and with pulse width #, = 100 ms.
Different pairs of excitation pulses V], up to +21 V for
SET and down to —24 V for RESET and pulse widths 7,
in the range from 100 to 500 ns are tested. The distinct
behavior is observed from the current /; gs in the LRS and
from the current /grs in the HRS. /1 rs and Igrs depend
strongly on the excitation-pulse amplitude and pulse width,

(a) SET (b) RESET FIG. 5. Electrosta?ic—potential .2D

e images and profiles in a BFO switch

600 EES— 600 with a Au top electrode and a Pt bottom

- d, electrode under applied bias (a) in SET

) e with corresponding depletion layers d;

£ 100 400 & and dp and (b) in RESET with corre-

8 g sponding depletion layer d, calculated

El 8 using COMSOL Multiphysics. The color

'é 200 | zooé’ scale represents the magnitude of the

o ' electrostatic potential. The red scattered

Ebh gz i lines in the 2D images indicate the ends

% 7 B Ay Pt 7 o of the top and bottom depletion layers.

Electrostatic potential (V) Electrostatic potential (V)
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as demonstrated in Fig. 4. When reducing the excitation-
pulse amplitude by a factor of 5, the pulse width 7, has
to be increased by more than 6 orders of magnitude in
order to realize resistive switching. This result proves the
extremely large nonlinearity of the switching kinetics in
memristive BFO switches. We use the Mott-Gurney ionic-
drift model [9] to analyze the drift of oxygen vacancies in
the presence of substitutional Ti traps at five different tem-
peratures. Here, it is assumed that ions of charge z jump
between neighboring sites in a one-dimensional periodic
lattice by surmounting an activation barrier Uy y, as illus-
trated in Fig. 4. The drift velocity v, of oxygen vacancies
V¥ is derived from the rigid point-ion model and is given

as follows:
—Uyyp . |Z|€(1E/
: h , 6
ks T )Sm < ks T ) ©

where z is the charge number (z = 1), f is the frequency
of escape attempts, and « is the distance between the initial
and the saddle-point configuration of the hopping oxygen
vacancies. Thus, the mobility of oxygen vacancies can be
calculated from puy; = vg/E’. According to the hyperbolic-
sine approximation, if E’ <« Ey = (kgT)/(|z|ea), i.e., in the
linear regime of Eq. (6), it leads to the following expression
for the mobility u, of the oxygen vacancies in the small-
field case (£’ < Ey):

vy = faexp (

_ |zlefa® exp[—Uyp/(ksD)]
o kgT ’

(N

where Ej is the characteristic electric field. Note that the
barrier height of the bottom electrode will only reduce
from rectifying to nonrectifying if enough image charges
are built up in the bottom electrode as mobile oxygen
vacancies approach the bottom electrode—BiFeOj; inter-
face. The largest possible number of oxygen vacancies
that can cause the observed barrier-height lowering are
all oxygen vacancies driven by the electric field £’ in
the volume between the top and bottom electrodes. This
field strength is determined by E' =V, /L, where L is
the thickness of the BFO thin film. The examined field
strengths amount to 0.04 < |E’|/MVem ™' < 0.44 for SET
and 0.06 < |E'|/MVem™! < 0.35 for RESET, as shown in
Figs. 6(a) and 6(b), respectively. The tested field strengths
lie in the range where £’ > E, and where the Mott-Gurney
ionic-drift model predicts an exponential increase in ion
mobility [9].

The migration and redistribution of oxygen vacancies in
SET and RESET drives the interface-mediated resistive
switching in the electroforming-free bipolar memristive
BiFeOj; switches. The drift velocity of the oxygen vacan-
cies vy during the resistive switching through a BFO film
of thickness L can be denoted as vy = L/ t; [8]. Note that
va, L, and E' are aligned with (4) and are opposite to (—)

|E'| (MV cm'l) T (K)
00 o 0.1 04 05300 320 340 360

SET (c) 20 1;

QY 16
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FIG. 6. Experimental (symbols) and modeled (lines) (&', 7,)
pairs from quasistatic state-test measurements at 298, 313, 323,
343, and 348 K, plotted as ln(t;) versus |E’| (a) in SET with
Iirs = 107% A and (b) in RESET with Iygrs = 1078 A. The
extracted (c) characteristic field £y and (d) mobility w4, and (e)
the product of fa? are plotted versus temperature.

the direction of the electric field during the applied writing
bias. By rearranging Eq. (6) into the form t; = L/vg, we
obtain the exponential dependence of the pulse widths 7,
on the applied electric field £:

L E’
) F—.®

2
In(4, sprreser) = (i i
0

Eopeq

The agreement between the experimental and modeled (',
t,) pairs, as shown in Fig. 6(a) for SET and Fig. 6(b) for
RESET, implies that the voltage-time dilemma is resolved
in memristive BFO switches. That is because of the expo-
nential increase of the oxygen-vacancy drift velocity with
the linearly increasing electric field. The characteristic
electric field Ey is extracted from the slope of ln(t;,) ver-
sus E’. The E values [Fig. 6(c)] suggest that the examined
field strengths |E’| lie in the valid range of the Mott-
Gurney ionic-drift model (E’ > Ej). The drift mobility
in RESET is around 2 orders of magnitude larger than
g in SET at room temperature [Fig. 6(d)] The activation
energy can be estimated from the slope of the represen-
tation of In(uy7T) versus 1/T and amounts to 0.31 eV in
RESET and 0.53 eV in SET. By way of explanation, it is
easier to release oxygen vacancies from Ti traps during
RESET than to trap oxygen vacancies by Ti traps dur-
ing SET. The agreement between the activation energy
for hopping transport of oxygen vacancies V', during SET
(Ug,y = 0.53 eV) and the activation energy of hopping

054025-6



FIELD-DRIVEN HOPPING TRANSPORT...

PHYS. REV. APPLIED 10, 054025 (2018)

electrons e at the end of the depletion layer at the bot-
tom electrode (UZ’E = 0.51 eV) proves that in SET the
main barrier for hopping transport of oxygen vacancies
is formed at the bottom electrode [inset in Fig. 4(a)].
Moreover, the drift mobility in SET increases more sig-
nificantly with temperature than in RESET and accounts
for the observed larger switching speed in SET at ele-
vated temperature. According to the lattice constant of
rhombohedral bismuth ferrite (0.56 nm [27]), the hopping
frequency f at room temperature amounts to 2.8 x 103
Hz in RESET and 5.8 x 10'* Hz in SET, i.e., it lies in
the far-infrared frequency range, between 3.0 x 10'! Hz
and 4.3 x 10" Hz [10]. Note that the experimental (£,
t,) pairs with 7, > 1 us are leveling off in higher-field-
strength ranges in SET and RESET at each temperature,
as shown in Figs. 6(a) and 6(b). This is possibly due to an
extrinsic effect such as increased bulk capacitance at suf-
ficiently high voltages, which has been observed in most
resistive-switching devices. It suggests that in order to
realize resistive-switching devices with a switching time
down to a few nanoseconds, it is recommended not only
to increase the pulse amplitude but also to downscale the
characteristic dimensions of the cell.

IV. SUMMARY AND OUTLOOK

In summary, we investigate the field-driven hopping
transport of oxygen vacancies in electroforming-free BFO
switches with interface-type resistive switching by con-
ducting experimental and modeled temperature-dependent
impedance spectroscopy and quasistatic state-test mea-
surements. Due to substitutional Ti traps near the bottom
electrode of the memristive BFO switch and mobile oxy-
gen vacancies, a Schottky barrier with a flexible barrier
height is formed at the bottom electrode and enables bipo-
lar resistive switching with excellent functional reliability.
The hopping transport of oxygen vacancies during SET
and RESET determines the dynamics of resistive switch-
ing. The modeled activation barriers for hopping transport
of oxygen vacancies close to the top and bottom elec-
trodes amount to 0.31 eV in RESET and 0.53 eV in SET.
Comparable activation barriers are found for ac transport
of electrons by impedance spectroscopy with zero bias.
That reflects the electrostatic potential profile in the top
depletion region and in the bottom depletion region of
memristive BFO switches with substitutional Ti traps in
the bottom electrode regions. The extracted smaller activa-
tion energy and larger carrier mobility of oxygen vacan-
cies in RESET compared to SET indicate that RESET
is faster in memristive BFO switches. The experimental
study on the electrostatic potential profile is useful for
a quantitative comparison between the experimental and
future first-principles computational design of memristive
oxide switches with substitutional dopants for trapping and
releasing oxygen vacancies.
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